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found that methoprene treatment enhanced male sexual competitiveness even after the 48 sexual maturation phase, and the effect did not decrease until males were older than 20 49 days. However, when methoprene treatment was carried out close to sexual maturity, the 50 mating enhancement was no longer observed, suggesting a non-immediate effect and 51 excluding the possibility that methoprene acts as a pheromonal compound. Young and 52 aged females tended to mate more frequently with treated-males. This might indicate that in 53 a context of sexual selection, the potential benefits associated with reproductive success 54 would be similar for females of both ages. Treated males released larger amounts of 55 pheromonal compounds than non-treated males, but their courtship behaviour was not 56 altered to the same extent, suggesting that methoprene treatment may accelerate 57 differently the components of male courtship. We discuss potential benefits of using 58 methoprene to increase the efficiency of the sterile insect technique, which is an 59 environmentally safe method to control this important South American fruit pest. 60
Introduction 63
Juvenile hormone (JH) is a natural, non-cyclic sesquiterpenoid that acts on the endocrine 64 system of insects and regulates diverse aspects of physiology such as development, 65 metamorphosis, diapause, reproduction and polyphenism (Vogel et al. 1979, Riddiford et al. 66 1991, Nijhout 1994 , Wyatt & Davey 1996 . The effect of JH depends on the individual 67 developmental stage. It promotes development and growth at the larval stage, while 68 preventing metamorphosis (Nijhout 1994 , Klowden 2007 . At the adult stage, JH triggers 69 physiological changes related to reproduction (Nijhout 1994 , Klowden 2007 . In most 70 insects, the pre-copulatory period is under hormonal control, in which JH plays a key role 71 with sexual receptivity (Ringo 2002) . In males, JH stimulates the development and 75 maturation of the reproductive accessory glands, promoting their growth and the production 76 of glandular secretions (Yin et al. 1999 , Wilson et al. 2003 , Klowden 2007 , and the 77 production of sex pheromone (Rantala et al. 2003) . 78
Because JH is photosensitive and difficult to synthesize, functionally analogous 79 compounds have been developed with both research and applied purposes. One of these 80 analogues is methoprene, a well-known synthetic compound with larvicidal action on 81 insects such as mosquitoes (World Health Organization 2008) and stored-grain pests 82 (Athanassiou et al. 2011). Methoprene has also been studied in relation to its potential use 83 for the sterile insect technique (SIT) against fruit flies (Diptera: Tephritidae). In the SIT, 84 large numbers of the pest are reared, sterilized and released in areas of interest. However, 85 in some tephritid species from genera such as Anastrepha and Bactrocera, several days 86 are required to attain sexual maturation after adult emergence. Several SIT programs keepthe sterile flies within the facility during the sexual maturation period to avoid field mortality, 88 but this involves space, food, water and labor. The use of JH analogues, such as 89 methoprene, accelerates male sexual maturation, thus reducing costs of maintenance of 90 flies before field releases (Teal et al. 2011 . 91
The impact of methoprene on sexual maturation has been explored in a number of 92 tephritid species. Teal et al. (2000) showed that treatment with topical applications of 93 methoprene during the first hours post-emergence reduced the pre-copulatory period of 94 Anastrepha suspensa (Loew) males from 7 days (when non-treated) to 4 days (when 95 treated). Acceleration of sexual maturity has also been described for Anastrepha ludens 96 showed that methoprene treatment also reduced the male maturation time from 7 to an 101 average of 4 days. This period of time during which only methoprene-treated males attain 102 sexual maturity (i.e., 4-7 days after emergence in the case of A. fraterculus) is known as the 103 'accelerated sexual maturity phase' (ASMP) (Haq et al. 2010b 
2009). 106
In the three Anastrepha species studied so far, methoprene-treated males going 107 through the ASMP are equally likely to mate than non-treated, mature males (Pereira et al. At present, there is a lack of studies that aim at elucidating the mechanisms behind 128 increased copulatory success of methoprene-treated males, either during or after the 129 ASMP. After topical treatment, methoprene might be internalized through the integument, 130 subsequently triggering a series of physiological changes, making males more attractive to 131 females. Additionally, this sesquiterpene could be adsorbed by the males' cuticle and then 132 slowly released, as a scent that attracts females. This mechanism has been observed for C. 133 capitata males exposed to citrus oils and ginger root oil (Papadopoulos et al. 2006 , Shelly 134 et al. 2007 ) and it is known as the "perfume effect" (Shelly et al. 2007 ). In the same way, 135 there is lack of knowledge about the potential benefits that females might obtain by mating 136 with one of these particular types of males (exposed to, or topically treated with, 137 compounds that enhance their mating performance). 138
Here we study the effect of methoprene treatment on the mating success of A. 139 fraterculus males after the ASMP (> 7 days-old). We carried out further experiments in 140 order to shed light on the physiological changes in treated males. Based on the potential 141 benefits that females may obtain by mating with methoprene-treated males, we compared 142 the number of females that mated with treated and non-treated males in recently sexually 143 mature, virgin females (hereafter referred to as young females) and females that had been 144 mature for 10 days approximately, but were still virgin (hereafter referred to as aged 145 females). We also investigated the duration of methoprene treatment effect on males and 146 whether the outcome of the mating competitiveness tests was affected by the females' age. 147
Finally, we took the first step towards elucidating the mechanisms that underlie the 148 enhancement of male sexual success by evaluating calling behaviour and sex pheromone 149 release in treated and non-treated males. Rearing followed standard procedures using an artificial diet based on yeast, wheat germ, 158 sugar, and agar for larvae (Salles et al. 1995 ) and a mixture of sugar and hydrolysed yeast 159 for adults (Jaldo et al. 2007 ). All individuals were kept under controlled environmental 160 conditions (Temp: 24 ± 2°C, RH: 70 ± 10%, photoperiod 12L: 12D). Flies used in the tests 161 were all virgin and sexually mature, and to evaluate an age effect two groups were 162 mating test, blinds were slightly opened as to create a semidarkness condition under which 188 males were transferred to the 1L containers and were allowed to acclimatize for 15 min . 189
Following that, females were released in the container. Lights were then turned on and thewindow blind fully lifted. Then, the occurrence of matings was continuously monitored. day post-emergence. In this experiment we aimed to determine whether the methoprene 215 the treatment and the mating test was shorter than in the previous experiments. Here, the 217 treatment was applied at the eighth day post-emergence and the test was performed when 218 males were 10-12 days-old ( 
Data analysis
For the mating experiments, the number of copulations achieved by treated and non-treated 264 males were compared by a G test of goodness of fit to an equal proportion hypothesis, with 265
Yates correction for continuity [recommended whenever the degree of freedom equals 1; 266 Zar (1996) ]. To verify whether there is a similar trend in the mating preference of young and 267 aged females, the proportion of treated males who reached copulation was compared for 268 each female type using a homogeneity G test (Zar 1996) Methoprene-treated males achieved greater percentage of matings than non-treated males 283 for both type of females (Fig. 1 ), yet these differences were statistically significant for young 284 females (G y = 8.398, p < 0.01, N = 82), but not for aged females (G y = 1.784, p = 0.182, N = 285 95). Even when significant differences were detected only for young females, the proportion 286 of females that mate with treated males was similar between young and aged females, 287 since the percentage of matings obtained by treated males did not statistically differ 288 between both types of females (G = 1.710, p = 0.191, N = 177). Latency to mate did notdiffer between treated and non-treated males and was independent of the age of the 290 females (Table 2) . No interaction was detected between factors (i.e., males' treatment and 291 females' age) ( Table 2) . Mating duration was significantly longer for aged females than for 292 young females and there was no effect of male type (Table 3) . No interaction between 293 factors was detected (Table 3) . 294 295 (Tables 2 and 3 ). However, young 312 females started to mate sooner and for shorter duration than aged females (Tables 2 and  313 3). No interaction was detected for either time variable, except for latency in experiment 2 314 (Tables 2 and 3) . (Fig. 3) . The analysis showed that the 332 percentage of treated males that mated with both types of females was not statistically 333 different (G = 1.007, p = 0.316, N = 173). No differences were found between treated and 334 non-treated males in terms of latency to mate (Table 2 ) and mating duration (Table 3) . As in 335 experiment 2, young females showed lower latency to mate and lower duration than aged 336 females (Tables 2 and 3 , respectively). No interaction (male x female) was found between 337 the main factors for these two variables (Tables 2 and 3 ). 
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Effect of methoprene treatment on male calling behaviour and sex pheromone 369
There were no significant differences between methoprene-treated and non-treated males 370 in the rate at which they performed wing fanning ( t 7 = 0.769, p = 0.233) (Fig. 4a) . Salivary 371 glands exposure showed a similar result (t 7 = 1.672, p = 0.070) (Fig. 4b) , however in this 372 case there is a tendency favouring treated males which might reflect a lack of replication as 373 the statistical power for this specific test was 59.6%. Methoprene-treated males released 374 larger amounts of the four pheromonal compounds than non-treated males (suspensolide:t 7 = 2.606, p = 0.018; farnesene: t 7 = 2.148, p = 0.034; anastrephin: t 7 = 2.817, p = 0.013; 376 epianastrephin: t 7 = 2.440, p = 0.022) (Fig. 4c-f) . all between treated and non-treated males, whereas salivary gland exposure showed a 445 marginally non-significant tendency favouring treated males. Abraham et al. (2013) found 446 that during the ASMP, treated males were unable to induce, on females, a mating refractory 447 period (time between the first and the second mating) comparable to that induced by 448 naturally matured males, even when both types of males mated in similar proportions. 449
These authors suggested that methoprene treatment may accelerate some components of 450 the sexual system, but a time lag of other maturation components may occur. Our results 451 also agree with the idea that this juvenile hormone analogue might not act evenly in all the 452 components of the sexual system, given the observed decoupling between pheromone 453 emission and calling behaviour (which was affect only marginally). In a related study, 454
Chacón-Benavente et al. (2013) found that treated males of A. obliqua performed sexual 455 behaviours and released farnesene at a higher rate than non-treated ones, during and after 456 the ASMP, suggesting that in some species methoprene may act on different reproductive 457 parameters more synchronically than on others. 458
When methoprene treatment was applied close to sexual maturity, the improvement 459 of mating success was no longer observed (as when applied at emergence), suggesting itseffect is not immediate. Shelly et al. (2007) proposed that exposure of males of C. capitata 461 to ginger root oil resulted in the retention of some compounds in the cuticle which would 462 elicit attraction in the females and, therefore, confer a mating advantage ("perfume effect"). 463
Although Experiment 3 was not specifically designed to test the perfume effect, our results 464 do not provide evidence to support this kind of mechanism when methoprene treatment is 465 carried out after the ASMP in A. fraterculus males. In fact, as found in previous 466 experiments, it seems that the mode of action of methoprene is triggering a physiological 467 change that makes males to release sexual pheromone at higher rates. This supports the 468 idea that methoprene is internalized through the integument. 
